The effect of ethanol on the structure of DNA confined to mica in the presence of 
INTRODUCTION
Double helical DNA adopts conformations ranging from righthanded A-, B-or C-forms to left-handed Z-form, depending on sequence and nucleotide composition, environment and overall topology of the DNA (1) . Changes in the environment such as solvent and counterions can result in various transformations between those conformations. A specific example is that the introduction of ethanol into a DNA solution can alter DNA conformation from B-form to A-or C-form, depending on the nature of the counterion (2) (3) (4) (5) (6) . It has been shown that ∼80% ethanol is required for a complete B-to-A transition of a DNA in the presence of cations such as Na + , K + or Cs + (5) . In contrast, the presence of the strongly hydrated counterion Mg 2+ is found to prevent the formation of the A-form, as ethanol concentration increases (6) . The B-A transition is also sequence dependent, and the transition starts at so-called A-form-philic tracts that contain CC/GG contacts, and proceeds cooperatively within individual DNA molecules, as the water activity continuously decreases (7) (8) (9) . The characteristic size of the A-form and B-form domains during the B-A transition is estimated to be 10-30 bp (2, 7, 8) . Ethanol can also participate in the formation of higher ordered DNA structures, such as supercoiled and toroidal forms (1, 10) . The toroid formation can occur in the presence (11, 12) or absence (13) (14) (15) of multivalent cations.
The structure of DNA adsorbed to solid surfaces has been studied to understand the nature of DNA-surface interactions, or because the adsorbed structures may shed light on the structure in solution. For example, the interaction of DNA with a membrane surface is important for transfection systems based on cationic lipids (16) (17) (18) , and DNA condensation and decondensation in vivo is also thought to involve surfaces (19) (20) (21) . The solution structure of kinked (22) (23) , supercoiled (24) , bent (25) and looped (26) DNA molecules has been inferred from those of DNA adsorbed on surfaces. Atomic force microscopy (AFM) has become a useful tool for examining DNA confined to surfaces, in part because it expands the types of surfaces and environments that can be used. Transmission electron microscopy is limited to thin electron translucent surfaces such as amorphous carbon or formvar, and can only be used with the sample in vacuum or embedded in ice. AFM, on the other hand, can be used to visualize the structure of DNA molecules with surfaces such as mica (27) , silicon (28) , lipid bilayers (16) (17) , self-assembled monolayers (28, 29) , amorphous carbon (30) and sapphire (31) , in ambient, low pressure or aqueous environments (32, 33) . Here we report on the structure of DNA confined to a mica surface in the presence of varying concentrations of ethanol. In agreement with the previous observation by Courey et al. (34) , we find that DNA on mica is completely converted from B-form to A-form DNA at 25% ethanol. In addition, we find that molecules with varying composition of A-form and B-form DNA can be trapped at ethanol concentrations between 0 and 20%. At higher ethanol concentrations several well-defined structures appear, including flowers and toroids that are similar to those previously reported in the spermidine-induced DNA condensation (10, 35) .
MATERIALS AND METHODS

DNA and chemicals
Plasmid pSP64 poly(A) of 3033 bp (Boehringer Mannheim, Indianapolis, IN) was linearized by complete digestion with the ScaI endonuclease (Boehringer Mannheim). A linear DNA of 1968 bp was generated from a pUC19 derivative. A linear DNA of 672 bp was generated by double digestion of pTZ19R (Sigma Chemical Company, St Louis, MO) by ScaI and DraI (Boehringer Mannheim). DNA fragments were purified using Gene Clean (Bio101, Vista, CA) and precipitated with ethanol. The DNA pellets obtained were re-suspended in Millipore purified water (>18 MΩ-cm -1 ; MilliQ-UV, Millipore Co., Bedford, MA) and stored at -20_C. DNA concentration was determined by the absorption at 260 nm. Salts and ethanol of 100% were used as received (Sigma Chemical Co.). 
Sample preparation
Nine millimeter diameter disks of ruby muscovite mica (grade V1-V2; Asheville-Schoomaker Mica Co., Newport News, VA), each attached to a magnetic steel disk, were used as substrates for DNA adsorption. For non-trapping conditions, experiments were performed by mixing 50 µl of a 1 nM DNA solution containing 10 mM MgCl 2 and a 50 µl ethanol solution of appropriate concentration. DNA concentrations are in terms of moles of molecules per liter. Samples were incubated at room temperature for ∼30 min. A 20 µl aliquot of the mixture was deposited onto freshly cleaved mica and incubated for 15 min in a humidified chamber. For trapping conditions, the mica was first incubated with water for >14 h, rinsed and blown dry (32) . Adsorption of the sample to the substrate was as above, except that the final magnesium concentration was reduced to 1 mM and the incubation time on the surface was 1 min. Following incubation, samples were rinsed with a flow of corresponding ethanol/water solution for 3-4 s (∼20 ml solution in total), and then rapidly blown dried using a burst of compressed gas (Vari-Air, Peca Products, Janesville, WI).
AFM imaging
A Nanoscope IIIa AFM controller with a Multimode AFM (Digital Instruments, Santa Barbara, CA) was used for imaging. Single crystal silicon cantilevers (Model TESP; Digital Instruments) were cleaned by exposure to high intensity UV light (UVO-Cleaner, Jelight Company Inc., Laguna Hills, CA) for 3 min before use. All AFM imaging was conventional ambient tapping mode AFM, with scan speeds of ∼3 Hz and data collection at 512 × 512 pixels. Most of the AFM images were taken at a scan size of 3 µm × 3 µm. Images have inverted contrast for presentation purposes.
Data processing
The AFM images were analyzed using AFMIPS and NIH Image software. The AFMIPS is an image analysis tool developed in our laboratory that can automatically outline DNA molecules and determine their contour lengths (36, 37) . The AFMIPS was used in a semi-interactive mode where all the outputs from the program were monitored and occasionally checked manually by the operator. For the present work several additional functions were added for the persistence length measurements. To determine the persistence length, the positions of the detected DNA molecules were over-sampled to every 1 nm by linear interpolation. The angle Θ between two adjacent segments along the DNA, each of length l from a vertex position, was calculated by using the law of cosines. By incrementing the vertex position along the DNA in steps of length l, many angle measurements were obtained and subjected to moment analysis as previously described (38, 39) . Where needed, hand tracing of DNA molecules was performed using NIH Image (version 1.58).
RESULTS
The experimental approach used here was to examine DNA adsorbed onto a mica surface in the presence of increasing concentrations of ethanol. DNA was incubated with ethanol and magnesium, followed by a rinse with ethanol/water solution only (at the appropriate concentration) and air drying. The rinse was performed without Mg 2+ , to prevent the formation of salt crystals on the mica surface. These are essentially non-trapping conditions as defined by Rivetti et al. (32) , and thus the DNA should be free to rearrange on the mica surface after adsorption. We also examined trapping conditions by using proton exchanged mica (39) . Rinsing with pure water results in DNA relaxation into all-B-form ( Table 1) , suggesting that the A-form to B-form transition was very fast. At the lower ethanol concentrations individual DNA molecules were well separated and appeared relaxed ( Table 2) . As the ethanol concentration increases, the molecules have increasingly complex morphologies, including highly looped structures (flowers) and toroids. In the results presented here we separate single relaxed molecules, defined as a DNA molecule that does not touch another molecule and does not cross itself more than once, from the more complex structures. The contour length and the persistence length of single relaxed molecules are measured as a function of ethanol concentration. The contour length distribution is further analyzed to provide an upper bound to the characteristic domain size during a B-form to A-form transition of the DNA. Finally, a description of the more complex DNA morphologies observed is presented. All water rinses resulted in DNAs with B-form contour lengths, even after treatment with 30% ethanol. There is a clear tendency to increasingly looped and complex structures at higher ethanol concentrations. The average loop diameter is 48 nm. Eleven AFM images were examined for each ethanol concentration, with the exception that 25 images were examined for 0% ethanol.
DNA contour length as a function of ethanol concentration
AFM images of the 1968 bp DNA adsorbed at three different concentrations of ethanol are shown in Figure 1 , along with the corresponding contour length distribution. In the absence of ethanol, almost all DNA molecules are extended with few intra-molecular contacts and almost no inter-molecular contacts. The mean contour length, 668 ± 17 nm, is essentially identical to that expected for all-B-form DNA, indicating that DNAs adsorbed on the surface adopt B-form conformation. As the concentration of ethanol is increased to 30%, the mean contour length of DNAs becomes 21% shorter than that in the absence of ethanol. This is consistent with the previous observation by Courey et al. (34) . This change is very close to that expected for a B-form to A-form transition of DNA, which would be ∼23.5% Results for the 3033 bp DNA were similar. For a larger series of ethanol concentrations it can be seen that the contour lengths of both the 1968 and 3033 bp DNA decrease monotonically with increasing ethanol concentration (Fig. 2) . The lengths appear to approach all A-form DNA above ∼25% ethanol, although there is some deviation for the 3033 bp DNA that plateaus at a length slightly larger than all A-form.
Adsorption under certain conditions has been shown to trap DNA polymer chain statistics from solution (32) . We examined the effect of ethanol on DNA under these conditions by using proton exchanged mica. Soaking mica in water for >14 h results in the exchange of surface potassium ions with protons. Because the long DNAs used above were highly entangled under trapping conditions and could not be readily traced, a smaller (672 bp) DNA molecule was used. The contour length of this molecule is 230 ± 9 nm in the absence of ethanol, close to B-form. As expected for trapping conditions, there is no significant change in contour length up to 25% ethanol (data not shown). Trapping conditions were confirmed by a changes in end-to-end distance measurements, compared to non-trapping conditions.
Estimate of the A-form/B-form domain size
The width of the DNA length distribution at any given ethanol concentration is relatively narrow, typically ∼50-60 nm at half height for the 3033 bp DNA. For the non-trapping conditions this provides an opportunity to estimate the size of the A-or B-form domains in the DNA molecules. Using a simple model in which the DNA is composed of a number of equal sized domains that can be either A-form or B-form (Fig. 3A) , binomial statistics can be used to estimate the domain size (40 Here n a and n b refer to the number of A-form and B-form domains, respectively. If the domain size is d bp, the contour length of the molecule (L), in nanometers, is:
For the 3033 bp fragment, we have:
Substituting into equation 2, we obtain:
Then from binomial statistics the probability function of a domain being A-form, H N (n a ), is:
Here P a is the probability that any single domain will be A-form. This value is obtained from the center of the length distribution histogram relative to full A-form or B-form DNA. When the length distribution is half way between the two, P a = P b = 0.5. The center position of the length distribution also constrains the relationship between N and n a , and for P a = 0.5 the ratio of n a to N is 0.5. By fitting the experimental length distribution H N (n a ) to equation 5, we obtain the total number of domains, and thereby obtain the domain size (Fig. 3B) . The domain size for the 3033 bp DNA is 54 ± 3 bp, and appears to be independent on the ethanol concentration in the range 3-15%.
Persistence length as a function of ethanol concentration
The apparent persistence length of DNA on the mica can be determined from AFM images of individual DNA molecules (32). Here we used the approach described by Frontali et al. (38) , who showed that persistence length can be determined by measuring the dependence of the angle Θ between two segments (at an arbitrary position on the molecule) on the length of the segments l. For the 3033 bp DNA fragment, the mean Θ as a function of separation distance l in the presence of different ethanol concentrations is shown in Figure 4A . Moment analysis of that data shows that the apparent persistence lengths decrease monotonically as the concentration of ethanol increases (Fig. 4B) . Similar results are obtained for the 1968 bp DNA fragment (Fig. 4C) .
Morphological characterization
In the absence of ethanol, individual DNA molecules are well separated on the surface, and have a relaxed morphology. However, as the ethanol concentration is increased, a range of more complex structures appears. At any particular ethanol concentration above a few percent there are often a number of structural forms; however, there is a general tendency for the structures to become more complex with increasing ethanol concentration (Fig. 5) . At ethanol concentrations <15% there are few intermolecular contacts, but individual molecules have an increased number of intramolecular contacts as determined from the number of intramolecular loops, as a function of increasing ethanol concentrations (Table 2) . At ethanol >15%, multi-molecular complexes appear, including ones with the flower shaped appearance recently described for spermidine induced DNA condensation (Fig. 5) . These flowers are highly looped with one or few crossover points. The individual crossovers can have tens of DNA strands. At the highest concentrations of ethanol used we find toroidal structures. These toroids are 50-100 nm in diameter, and are up to 5 nm tall (Fig. 6 ). It should be noted that despite the tendency for increasing complexity with increasing ethanol concentration, the structures at any given ethanol concentration are highly polymorphic. For example, at 35% ethanol, the structure of DNA molecules was found ranged from completely extended to almost complete toroids (Fig. 6 ). 
DISCUSSION
B-A transition at low ethanol concentrations
In solution, an ethanol concentration in the range 70-85% is needed to shift the DNA conformation from B-form to A-form (2-6). Corey et al. have previously reported that mica facilitates the B-A transition, and that at 30% ethanol the DNA is all A-form (34). Here we confirm that observation under conditions where the DNA molecule is adsorbed but not trapped on the surface, and show that this transition proceeds through molecules that appear to be mixed A-form and B-form. Under adsorption conditions where the polymer chain statistics are trapped there is no transition, as would be predicted given the high ethanol concentrations required for the B-form to A-form transition in solution. In our analysis of the contour lengths we make two assumptions; DNA in the absence of the ethanol is B-form, and that DNA has a contour length of 2.6 Å/bp indicates A-form DNA. Because the contour length of C-form DNA is very close to that of B-form, it is possible that there are transitions between B-form and C-form that we do not detect. It is also possible that the unique conditions near the surface give rise to some yet unidentified form of DNA with the appropriate contour length. We have not examined the kinetics of the B-A transition in this system, so at present we can only conclude that the mica must stabilize A-form DNA in the presence of ethanol and magnesium. The mechanism by which this occurs is not known. We note that it has been reported that for DNA fibers Mg 2+ stabilizes the B-form of DNA in the presence of ethanol up to 50-70%, and thus disfavors the B-A transition (6) . However, the concentration of Mg 2+ at the mica/solution interface should be >0.4 M (41), which is significantly higher than concentrations used in other studies. Such a high concentration of Mg 2+ would reduce the local water activity and hence could act to dehydrate the DNA and thus stabilize the A-form. The DNA molecules with lengths intermediate to all A-form and all B-form must have a mixed composition of A-and B-form. Intuitively one might have thought that air drying the samples would have caused all the DNA to become A-form. We suggest two possible reasons why this does not occur; the DNA-mica interactions are sufficiently strong to prevent this transition on the time scale of drying or the B-to-A transition is very slow on the time scale of drying. In either case, we assume that once the molecules are dry, they are trapped in forms that represent their lengths prior to drying. It is reasonable to assume that there are domains with some characteristic size. While the nature of those domains is not well understood, some insights can be had from a simple binomial model in which the DNA molecule is composed of a series of equal sized domains with a probability of being A-form or B-form determined by the ethanol concentration. Using such a model we estimate the domain size to be <54 bp. The model assumes that the junction between A-form and B-form DNA is infinitely small, and that there are no experimental errors in the length measurements. However, because the junction must have some finite number of bases, and there must be experimental errors in the length measurements, this domain size estimate is an upper bound. It is thus in reasonable agreement with other estimates of the domain size, which range from 10 to 30 bp for the ethanol-induced DNA B-A transitions in solution (2, 7, 8) .
Apparent persistence length decreases with increasing ethanol concentration
For the DNA molecules of 3033 and 1968 bp used here, the apparent persistence length in the B-form is ∼103 and 82 nm, respectively. These values are larger than the commonly reported value of 50 nm due to excluded volume effects for these relatively large DNA molecules (39) . As the ethanol concentration increases, the apparent persistence length of DNA fragments on the mica surface decreases monotonically when the lengths are expressed in terms of distance. However, expressed in terms of base pairs the measured persistence length is roughly constant (∼250 bp) during the ethanol induced B-form to A-form transition. This is quite different than the B-form to A-form transition in solution, which is accompanied by a 3-fold increase in persistence length from 50 nm for B-form to 150 nm for A-form (4-fold increase in terms of base pairs) (42) . Thus, under the conditions used here, there appears to be a relative decrease in the stiffness of the DNA, or an increase in the intrinsic bending of the molecules. It is also possible that the different water activities change self-exclusion properties, which could result in a reduction of persistence length at higher ethanol concentrations. The fact that increasingly looped structures form at higher ethanol concentrations suggests that there is in fact increased bending of the DNA.
Structure of ethanol-induced DNA condensates
As discussed above, a transition from B-form to A-form DNA is one of the early events in response to added ethanol. In addition, there is a general tendency for increasingly looped and complex structures with increasing ethanol concentration. At the higher ethanol concentrations we observed some well-defined DNA structures that are very similar to structures previously described. These include toroids, which can be formed by simple mixing of a dilute DNA solution with a multivalent cation such as spermidine (43) (44) (45) or Co(NH 3 ) 6 3+ (46), or introducing ethanol into a DNA solution (11, 13, 14) , and flowers which are formed on the surface of mica in the presence of spermidine (35) or other multivalent cations (47) . Because of the appearance of toroids at the highest ethanol concentrations, it is tempting to speculate that the structures seen at lower concentrations are intermediates in the condensation pathway. However, the coexistence of many different structures at any given ethanol concentration makes it difficult from the present data to definitely determine the order in which the structures appeared. Despite this the data suggest that the structural changes begin with the formation of intramolecular loops, followed by multi-molecular looped structures (flowers) and toroids. This series of structural changes is similar to that recently reported for spermidine induced DNA condensation on the surface of mica, with the exception that in the spermidine experiments complete toroids were not formed (35) . The lack of toroids in those experiments was attributed to problems with higher concentrations of spermidine interfering with AFM imaging. Hence the present results provide a link between flowers and toroids of the type that have been well characterized in solution. There are a number of potential concerns with interpretation of the type of data presented here, including the influence of the substrate, sampling and drying. These issues were recently discussed in some detail for the case of spermidine induced DNA condensation on mica (35) .
CONCLUSION
DNA molecules confined to a mica surface in the presence of Mg 2+ undergo a cooperative B-A transition induced by low concentrations of ethanol. At higher ethanol concentrations, toroid DNA condensation follows the complete B-A transition. The ethanol-induced DNA condensation on surface shares similar structural intermediates with the spermidine-induced condensation.
